A study of 13 grapevine cultivars was carried out in a vineyard located near Krakow (Poland) in order to identify the most suitable grapevine cultivars for cool climate regions. The vines' vigour, yield and the yield efficiency index were studied in the years
INTRODUCTION
With an annual production of over 67 million tonnes (FAO 2012) , grapevine is one of the most important fruit crops. However, as the climate becomes warmer, it can be expected that significant changes in the distribution of viticulture may occur (Gustafsson and Mårtensson 2005) . Presently, grapevine cultivation is also becoming more and more popular in the colder regions of Europe. Although in Poland Vitis sp. has not been of special importance, today we can observe a real renaissance of its cultivation. Over 700 ha of vineyards have been planted and new vinery production regions have appeared (EUROSTAT 2012) . Although these areas are subjected to the risk of severe winter injury in some years, the grapes and wines obtained are often of outstanding quality, having a high aroma and antioxidant status (DobrowolskaIwanek et al. 2014) . However, there are some more factors that may negatively affect the quality of cool climate grapes, such as low sugar content or high malic acid concentration due to frequent deviations of weather during grape maturation. Therefore, plant adaptability and the fruit quality of wine *Corresponding author.
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grape cultivars in such regions should be studied comprehensively before they are widely planted.
As interspecific hybrids of Vitis ssp. are more suitable for colder regions, especially in terms of their resistance, in many countries, including Poland, the selection and evaluation programs of these cultivars have begun (Lisek 2005 (Lisek , 2010 . Therefore, the purpose of this study was to determine the growth, productivity and grape quality traits of the most promising cultivars best suited for cool climate wine production.
MATERIAL AND METHODS
The study was carried out in the "Garlicki Lamus" vineyard located in Garlica Murowana (near Kraków, Poland, coordinates: 19°56'E and 50°08'N) in 2010-2013 .
Plant material
Thirteen grapevine cultivars were included in the study (Tab. 1) .
Cultivars with the numbers 1-7 bear white grapes, while 8-13 bear red ones. All of the studied cultivars are interspecific hybrids, while some ('Regent', 'Rondo', 'Hibernal' and 'Sibera') are classified as inter-intraspecific hybrids belonging to Vitis vinifera L. according to systematics. Among the mentioned cultivars, 'Leon Millot', 'Marechal Foch', 'Aurora' and 'Seyval Blanc' are classified as French-American hybrids. All cultivars were grafted on SO4 rootstock with the exception of 'Muscat Odeski' (grafted on LE-K1 rootstock) and 'Jutrzenka' (Teleki 8B).
The experiment was arranged in a randomized complete-block design. Each cultivar was represented by four replications of five vines per block. Grapevines rows were north-south oriented with 3.5 m spacing between rows and 0.9 in-row, respectively (3200 vines ha -1
). The four-yearold vines were trained as horizontal unilateral cordons. Each plant was pruned to one nine-node cane. Weeds between plants were controlled by application of glyphosate (Roundup, Monsanto) in mid-June every year. Vineyard management was carried out according to the recommendations for commercial vineyards in Poland (Myśliwiec 2006), while fertilization conformed to the soil analyses.
Site characteristic -soil properties
The vineyard soil was characterized as a silty clay loam (18% sand, 43% silt, 39% clay) with a pH of about 5.6 and total organic matter of 1.68%. The available soil macroelement content, measured after 0.03 M CH 3 COOH extraction (Nowosielski 1988) , was in the medium to optimum level for phosphorus, as well as for magnesium. The measured available soil potassium and calcium content was below the optimum limits. Average amounts of available soil microelements (extracted with 1 M HCl) were in the optimum range for manganese, copper and zinc.
Climatic conditions
The meteorological data are presented in climate diagrams (Figs 1 A-C) . The site of the experimental vineyard had a long-term average annual precipitation of 576 mm with an average minimum temperature of -2.9°C (in January) and maximum 
Plant parameter measurements
The tree trunk diameter of each vine was measured every year at a height of 30 cm above the soil, with the result being calculated per trunk cross-section area (TCSA, cm 2 ). The total yield per vine was weighted and the productivity index was calculated (the total yield divided by the TCSA, expressed in kg cm -2 ).
Fruit analyses -sample preparation
Grapes were harvested at their optimum maturity. Three samples, each consisting of 20 randomly chosen bunches of grapes, were taken for each cultivar. Berries showing average growth and maturation were sampled for each treatment. The grapes were washed in distilled water and the pedicels were removed after drying at room temperature. Juices were obtained using a PH2 (Taco, Poland) laboratory vertical hydraulic press. The soluble solids concentration (SSC) of juices was determined using a digital refractometer (model PR-100, Atago) at 22°C. Titratable acidity (TA) was ascertained titrating the juice with 0.1 M NaOH to pH 8.1 and expressed as tartaric acid equivalents (g 100 mL -1 ). The sugar:acid ratio was derived using °Brix and acidity values.
Each sample was then centrifuged at 3000 rpm for 15 minutes and diluted with deionized water (v/v 1:60) for the purpose of the direct determination of organic acids.
For the purpose of measuring antioxidant activity and total phenolic content, grape juices were extracted using methanol in 1:5 proportion for 2 h, and then centrifuged at 3000 rpm for 15 minutes.
Instrumentation
A FRAP (Ferric Reducing Antioxidant Power) assay was conducted as described by Paśko et al. (2009) . FRAP analysis was carried on at 37°C and pH 3.6. The reduction of ferric tripyridyltriazine (Fe(III)-TPTZ) complex to ferrous tripyridyltriazine (Fe(II)-TPTZ) (which has an intensive blue colour) was monitored by measuring a change in absorption at 593 nm by a Synergy 2 Multi-Mode Microplate reader spectrophotometer from Bio Tek Instruments. The absorbance was measured after 30 minutes and was proportional to the antioxidant capacity of the antioxidants in the samples. . Total phenolic compounds (TPC) were determined using the Follin-Ciocalteu reagent. The analytical procedure was performed as described earlier (Paśko et al. 2009 ) with some modifications. Total phenolic assay was carried out by mixing 540 µL of deionised water, 60 µL of methanol extract, 60 µL 7% Na 2 CO 3 , and 30 µL Follin-Ciocalteu solution. The absorbance was measured at 725 nm using a UV/VIS laboratory spectrophotometer (Synergy 2, Bio Tek Instruments). Total phenol content was determined using the standard gallic acid calibration curve (0.05-0.30 g L -1 gallic acid). Final results were expressed as g L -1 gallic acid equivalents (GAE).
Tartaric, malic and citric acid was determined using the Electrophoretic Analyser EA 202M (Villa Labeco, Spisska Nova Ves, Slovakia) with conductivity detection. The leading electrolyte was hydrochloric acid (10 mmol dm -3 ) including 0.2% methylhydroxyethylcellulose (M-HEC) adjusted with β-alanine to pH 3.5. The terminating electrolyte contained 5 mmol dm -3 caproic acid and 5 mmol dm -3 histidine. The system was equipped with a sample valve of 30 µm fixed volume and two capillaries: the pre-separation capillary (90 mm × 0.9 mm internal diameter) and analytical capillary (160 mm × 0.3 mm I.D.). Samples were diluted with distilled water in order to obtain an acid concentration range between 10 and 80 mg L 
Statistical analysis
Data were analysed using the Statistica 9.0 software (StatSoft Inc.). All results were subjected to one-way analysis of variance (ANOVA). The least significant differences (LSD) were ascertained with a multiple Duncan multiple range test (Duncan and Duncan 1955) .
RESULTS AND DISCUSSION
In viticulture research, the trunk cross-sectional area of vines is assumed as a good descriptor characterizing vineyards. TCSA is well related to average factors limiting vine photosynthetic activity, while trunk average growth is also well correlated with average yield and sugar production per vine (Santesteban et al. 2010 ). In the presented study, the lowest TCSA was recorded for 'Aurora' and 'Seyval Blanc' in cultivars bearing white grapes, while the strongest vigour was proved for 'Hibernal' vines (4.75, 5.21 and 9.32 cm 2 , respectively, with measurements made in autumn 2013, Tab. 2). Among the investigated red cultivars, a tendency for weak growth was noted for 'Regent' (5.66 cm 2 ), whereas 'Rondo' and 'Frontenac' revealed the opposite (7.43 and 7.42 cm 2 , respectively). Mean yield per one vine is presented in Table 3 . When averaged for three years of data, the Table 2 crops varied significantly among the cultivars. On average, the least productive cultivars produced 5.0 t ha -1
, while the most efficient produced 8.9 t ha -1 . The highest yields of white grapes were harvested from 'Seyval Blanc' (2.80 kg per vine) and 'Hibernal' (2.35). 'Frontenac' outperformed other red varieties (2.64 kg per vine). The cultivars with moderate yields were 'Aurora', 'Muscat Odeskij' and 'Sibera' (white) as well as 'Swenson Red' (red grapes). The rest of the investigated clones were less productive. Some authors have suggested that yield is negatively correlated with vine vigour (Wolf and Pool 1988, Parejo et al. 1995) . The present study results confirmed these findings. The most productive, assuming the yield efficiency index, were 'Seyval Blanc' and 'Aurora' (1.84 and 1.60 kg cm -2 , respectively; data not presented). Among red varieties the most efficient were 'Swenson Red', 'Frontenac' and 'Regent' (1.31, 1.16 and 1.13 kg cm -2 , respectively). The yield efficiency index for the rest of the investigated clones varied from 0.65 to 1.00 kg cm -2 . There were some noteworthy differences in yielding between vintages. The highest crops were obtained in 2013. This increase was caused by a lack of fruiting in 2012 due to heavy flower frost damages. The high productivity of 'Seyval Blanc' as well as the obtained yields of the investigated clones confirmed previous reports by Lisek (2005, 2010) . In addition, the crop results for 'Regent' was similar to these reported by Ochmian et al. (2013) in Pomerania, Poland. The obtained yields were lower than reported by Pacifico et al. (2013) (4.1 to 11.7 kg per vine) in northeastern Italy. The present study also did not confirm the high productivity of 'Regent'. However, the differences were caused not only by different climatic/soil conditions but also by different training systems.
Fruit composition
The quality of grapes depends on sugar concentration, acidity, colour, texture and the aroma and flavour characteristics of the variety. Although sugar concentration is a common quality measure for grapes, there is not always a good relationship between it and the palatability of grapes. The ratio of berry juice °Brix to acidity can give a better measurement of the palatability of grapes or musts than either the sugar content or acidity alone (Winkler et al. 1974) . In cool climates, the acids will be higher relative to the sugar, so more of the latter will be required to balance the taste.
Soluble solids content varied from 15.7°Brix (mean for 'Swenson Red') to 20.8°Brix ('Frontenac', Tab. 4). Some authors (Lisek 2010, Pacifico et al. 2013 ) have pointed out large differences in soluble solids content among the hybrids, which reflect differences in their genotypes and the annual climate conditions. This variation was true in the presented study; however, in most cases the obtained SSC level was lower. The main reason was the low sugar content of grapes in 2010 as a consequence of high precipitation before the vintage. During ripening, excessive humidity is unfavourable to maturation (Tonietto 1999), due to the promotion of sugar dilution (Reynolds and Naylor 1994). Table 2 A high variability was observed among the investigated cultivars, which reflects differences in their genotypes/parentage and the annual climate conditions, showing the strong effect of the cultivar on the pH and titratable acid concentration (Pavloušek and Kumšta 2011, Pacifico et al. 2013) . The pH along with acidity is not only responsible for the pigmentation of the grapes/musts, but is also an important factor in fermentation. At a low pH, other conditions being equal, the fermentation will be cleaner, while wine will be less prone to spoiling. Keller (2010) pointed out that the pH values of musts should not exceed 3.6 in order Table 2 to avoid a decrease of wine quality. Except for 'Bianca', 'Muscat Odesskij' and 'Leon Millot', all of the studied cultivars conformed this criterion (Tab. 5). The highest titratable acidity was measured for 'Marechal Foch' (Tab. 6), and among white grapes, for 'Jutrzenka'. All of the other white grapes had low TA along with the following red varieties: 'Regent' (0.64 g 100 mL ), and lower (in the case of 'Regent') than for conditions in northern Table 2 Poland (Ochmian et al. 2013 ). The measured TA is typically higher for cool climates, and the acidity of musts is negatively correlated with temperature and irradiation (Alleweldt et al. 1984) . The technical index SSC:TA ratio was significantly differentiated between the investigated cultivars (Tab. 7). The highest values were noted for 'Regent' (28.48) and all of the white cultivars (ranging from 23.2 to 26.2) except for 'Aurora' and 'Jutrzenka' (21.5 and 17.0, respectively). However, the most balanced table wines tend to have a ratio between 30 and 35 (Cox 1999) . This simply indicates too low of a sugar content due to high acidity, which is typical for cool climate grapes.
The principal acids of the grape are d-tartaric and l-malic, constituting 90 per cent or more of the total acidity (Winkler et al. 1974) . Grapevines are one of a few plants in which tartaric acid is synthetized in large amounts (Stafford 1959) . Citric acid is the third most abundant acid in grapes, but mature fruits contain only 0.02 to 0.03% of this acid. Temperature is the most important environmental factor affecting the total acidity and the amount of malate and tartrate in grapes. The per cent malate and percentage of the titratable acidity due to malate is greater under cool temperatures than under warm temperatures. Kliewer (1971) showed that the amount of malic and tartaric acid in grapes is closely negatively correlated with the temperature during the ripening but relatively independent of light density.
In California, the titratable acidity of the juice of mature grapes varies from 0.30 to 1.20% (calculated as tartaric acid) depending on variety, season and climatic region. The proportion of the titratable acidity that is due to tartaric acid and acid tartrate increases with fruit maturity (Amerine 1951). Tartaric acid and acid tartrate are not as rapidly lost at higher temperatures as are malic acid and acid malate (Kliewer 1971) .
As far as tartaric acid is concerned, 'Marechal Foch' grapes contained the highest amount of this compound (4.51 g L ). However, the latter cultivar tended to accumulate one of the highest malic acid amounts (6.95 g L -1 ). A slightly lower level was measured for 'Hibernal', 'Marechal Foch' and 'Rondo' (6.08, , respectively). The lowest accumulation was typical for ). In the must of 'Jutrzenka', the increased citric acid content was ascertained (1.89 g L -1
). Vast differences were noted in ascorbic acid content (Tab. 8). Low contents were typical for white grapes cultivars (from 11.5 to 55.2 mg L ). These values are within the mean vitamin C concentration presented by the USDA (2014) for different species of grapes: 4.0 to 10.8 mg 100 g -1 (V. labrusca and V. vinifera, respectively). Phenolic compounds are responsible for the bitterness, astringency and colour intensity of Table 2 musts and wine, therefore they play an important role in wine's sensory quality. Polyphenols (e.g. anthocyanins) are not only responsible for the palatability but they are also strong antioxidants (Romero et al. 2008) . Price et al. (1995) found that there is a strong relationship between the amount of flavonols in berries and the degree to which they were exposed to the sun. A study by Spayd et al. (2002) demonstrated that sunlight along with temperature affects anthocyanin production.
Some studies argue that cool night temperatures in the period preceding the harvest (maturation/ ripening), combined with high diurnal temperatures, stimulate the synthesis of anthocyanins and other phenolic compounds, being thus beneficial for high-quality wines (Kliewer and Torres 1972, Mori et al. 2005) .
The highest total polyphenol content was measured for red cultivars, namely 'Frontenac', 'Leon Millot' and 'Marechal Foch' (0.442, 0.420 and 0.412 g GAE L -1 , respectively; Tab. 9). 'Regent' and 'Rondo' contained moderate TPC content, while 'Swenson Red' had the lowest. White grapes contained low polyphenol levels. The measured content varied from 0.039 g GAE L -1 ('Jutrzenka') to 0.104 g GAE L -1 ('Muskat Odesskij'). The highest total antioxidant potential was measured for 'Marechal Foch' grapes (11072 µmol Fe kg 
CONCLUSIONS
1. The cultivars 'Seyval Blanc', 'Aurora' and 'Regent' showed moderate growth but resulted in high yields. 2. Although the quality of some vintages obtained in a cool climate was not fully satisfying (frost injuries, too low sugar content, high acidity) the content of investigated secondary metabolites such as ascorbic acid and polyphenols, and Table 2 , **means were pooled across years 2010-13 Table 8 consequently the high antioxidant potential of grapes, was prominent.
